The BCL-2 family of proteins are major regulators of apoptosis, which according to structure and function can be divided into three groups. 1 One group (including BCL-2, BCL-X L , BCL-W, MCL-1 and A1) inhibits apoptosis, whereas the other two groups -namely the BAX/BAK-like subfamily 2 and the BH3-only proteins (including BIM, NOXA, PUMA, BIK, HRK, BAD and BID) 3 promote apoptosis. Complex interactions between the pro-survival and the two sub-groups of proapoptotic members determine whether a cell lives or dies. The BH3-only proteins are essential for initiation of apoptosis signalling and are activated in a cell death stimulus as well as cell type specific manner. 1, 3, 4 BAX and BAK on the other hand are essential for mitochondrial outer membrane permeabilisation (MOMP), which unleashes the caspase cascade for cellular demolition. 1 They appear to be activated by direct binding by certain BH3-only proteins, 2, 4 as well as (indirectly) by liberation from pro-survival BCL-2-like proteins. 5, 6 BAX and BAK have overlapping actions in the 'mitochondrial' apoptotic pathway. 7 Mice lacking either BAK or BAX alone are largely normal (with the exception of sterility of Bax À/À males), but Bax/Bak doubly deficient mice show remarkable developmental abnormalities, including persistent inter-digital webbing and brain malformations that are the likely cause of the early post-natal death of most of these animals. 7 Fibroblasts and lymphocytes from Bax À/À Bak À/À mice are profoundly resistant to a broad range of apoptotic stimuli, such as cytokine deprivation, DNA damage 7, 8 and even enforced expression of BH3-only proteins, 9, 10 although, as expected, 11 not to 'death receptor'-induced killing. Intriguingly, a very small number (o10% on a C57BL/6 background) of Bax/Bak doubly deficient mice survive to early adulthood and apart from a remarkable lymphadenopathy, 8 many of their organs, such as the kidney, liver, heart and lungs display no overt developmental defects and function normally. 7 This may indicate that an additional protein can function in a BAX/BAK-like manner. Alternatively, an apoptotic process independent of the BAX/ BAK-dependent 'Bcl-2 regulated' pathway or a non-apoptotic process (e.g., necroptosis) may ensure developmentally programmed cell death to sculpt tissues in Bax
BOK (also known as MTD) was discovered as a protein that bound to pro-survival MCL-1 by screening of a rat ovarian fusion cDNA library in the yeast 2-hybrid system. 12 Mouse BOK (mBOK) shows most extensive amino-acid sequence homology to mBAK (87%) and mBAX (73%), with particularly strong conservation across the Bcl-2 Homology (BH) domains and the trans-membrane region. 12 Consequently, it is widely assumed that BOK exerts a BAX/BAK-like pro-apoptotic function. In support of this hypothesis, it has been reported that over-expression of BOK can induce apoptosis in certain mammalian cell lines and primary neurons from the dorsal root ganglia of neonatal rats. [12] [13] [14] Moreover, in placental samples from pregnant women suffering from pre-eclampsia, Bok expression was found to be associated with abnormally elevated trophoblast cell death. 15, 16 Interestingly, somatically acquired loss of copy number of the Bok gene has been detected in diverse human cancers, 17 indicating that BOK may function as a tumour suppressor.
To determine the function of Bok, we have examined its expression in diverse tissues and cell types and generated Bok knockout (Bok À/À ) mice. Our results show that Bok is expressed most prominently in reproductive tissues and the brain, but is also present at lower levels in most other tissues. However, Bok-deficient mice were of normal appearance, fertile, displayed normal tissue architecture and their lymphoid and myeloid cells were normally sensitive to a range of apoptotic stimuli. These findings may indicate that Bok exerts a function that is largely overlapping with those of BAX and BAK, and may feature most prominently in reproductive organs and the brain, the tissues in which it is most highly expressed.
Results
Bok mRNA is expressed in a wide range of tissues. Earlier studies reported that Bok shows restricted expression in reproductive tissues. 12 Consistent with these findings, qPCR analysis demonstrated that Bok mRNA expression was most abundant in the uterus and ovaries of healthy, adult (14-week old) C57BL/6 female mice, but relatively high levels were also seen in the brain (B1.8-fold less compared with the uterus) followed by the spleen, lung, stomach, small intestine and kidney (Figure 1a) . Lower, but still readily detectable levels of Bok mRNA were found in the liver, thymus and lymph nodes, with the weakest expression observed in the heart and bone marrow (BM) (Figure 1a ). Western blotting using polyclonal rabbit antibodies raised against a mBOK-derived polypeptide revealed that BOK protein could be readily detected in tissues that expressed high levels of Bok mRNA (Figure 1b) . qPCR analysis of FACS sorted leucocyte sub-populations revealed readily detectable, albeit relatively low, levels of Bok analysis revealed the presence of BOK protein in splenic CD8 þ T cells, thymocytes ( Figure 1d ) and bone-marrow derived granulocytes and macrophages (data not shown). Higher levels of BOK protein were observed in total extracts from thymus, spleen and lymph nodes (LN) compared with isolated lymphocyte sub-populations, indicating that non-hematopoietic cells within these tissues express more BOK than lymphoid cells (Figure 1d) .
Given Figure 1b) .
Generation of Bok
À/À mice. The Bok gene was targeted for deletion by introducing LoxP sites that flank half of exon 1 and exon 2, which contains the ATG start site (Figure 2a) . Two independent lines of BOK-deficient mice were produced Analysis of Bok-deficient mice F Ke et al by crossing Bok fl/ þ mice with Cre-deleter þ /tg females to achieve excision of the targeted region. Intercrosses of Bok þ /À mice generated Bok
offspring, which were genotyped before being used for examination ( Figure 2b ). qPCR analysis using primers located in the region of the Bok gene that was not deleted revealed that no Bok mRNA could be detected in tissues from Bok À/À mice ( Figure 2c ). Similarly, western blot analysis revealed a B23-kDa band corresponding to the predicted molecular weight of BOK only in tissues from wt mice, but not those from Bok À/À animals ( Figure 2d ). Additional western blot analysis of several tissues revealed that loss of BOK did not cause marked alterations in the levels of BAX or BAK proteins (Supplementary Figure 2) . Together, these results demonstrated successful inactivation of the Bok gene and that this did not affect the expression of BAX/BAK.
Bok-deficient mice develop normally and organs in
þ /À and Bok þ / þ offspring at the expected Mendelian ratio (25 : 51 : 23), and Bok À/À mice appeared outwardly normal and healthy when monitored for up to 18 months of age. Moreover, Bok À/À mice of both genders could produce healthy offspring, indicating that BOK is dispensable for normal embryonic development and female or male fertility.
As Bok mRNA is prominently expressed in female reproductive tissues (Figure 1a) , 12 we examined serial sections of ovaries from early postnatal (day 11), adult (14 weeks) and aged (7 and 12 months) females. Gross histological analysis revealed that ovaries from Bok À/À females were indistinguishable from those of age-matched wt controls. Folliculogenesis was normal and there was no evidence of dysmorphic structures or pathology ( Figure 3a) . Quantification of the different follicle populations from serial sections showed no significant differences in follicle numbers between wt and Bok À/À ovaries ( Figure 3b ). Histological examination of uteri from 14-week-old Bok À/À female mice revealed no obvious abnormalities in the luminal epithelium, stroma, glandular epithelium and myometrial layers (Figure 3c ).
Subsequently, we examined whether BOK loss might give rise to phenotypic aberrations in the brain, given that it is expressed relatively highly in this organ ( Figure 1 ) and that loss of its relative, BAX, causes abnormal accumulation of neurons in the facial nuclei. 18 Microscopic evaluation of serial sections revealed that brains from Bok À/À animals appeared normal (Figure 4a) , and no obvious accumulation of motor neurons in the facial nucleus was observed (Figure 4b) . A side-by-side comparison of brain sections suggested that Bok À/À mice may have a slightly (B5%) larger brain, however, there was no statistically significant difference when brain weights were compared.
Further histological analysis of eighteen other tissues from 14-to 16-week-old Bok À/À mice, including the kidney, liver, testes, lymph nodes, spleen, thymus and pancreas, did not reveal any obvious abnormalities (Supplementary Figure 3) (Figure 5a ), but no significant difference was observed in males ( Figure 5b ). Taken together, these results demonstrate that on its own, BOK is dispensable for normal mouse development and ageing.
Lymphoid organs of adult Bok
À/À mice have normal hematopoietic cell subset composition. As qPCR and western blot analyses revealed the presence of Bok mRNA and BOK protein, respectively, in lymphoid and particularly myeloid cell subsets (Figure 1) , we investigated the impact of Bok deficiency on the development and homeostasis of the hematopoietic compartment by flow cytometric analysis. In particular, we wanted to find out whether the increase in thymus and spleen weights observed in Bok À/À females (Figure 5a ) could be attributed to the accumulation of a specific leucocyte sub-population. Total thymic cellularity of Bok À/À mice as well as their content of CD4 þ CD8 þ immature thymocytes and bone marrowderived neutrophils were cultured in the presence of dexamethasone, etoposide, Fas ligand, the BH3 mimetic compound ABT-737 or in simple culture medium (Dulbecco's modified Eagle's medium (DMEM) þ 10% FCS) lacking cytokines to mimic cytokine deprivation. These cytotoxic insults all rapidly killed the wt hematopoietic cell populations, but loss of BOK failed to confer any protection from these stressors (Figure 7) . These results show that on its own, BOK is dispensable for apoptosis induced by a diverse range of death stimuli, at least in lymphoid and myeloid cells. (Figures 8b-e) , demonstrating that the loss of BOK had no impact on disease severity. Taken together, these results demonstrate that BOK does not function as a suppressor of c-MYC driven pre-B/Bcell lymphoma development.
Loss of
Bok does not accelerate lymphoma development in El-myc transgenic mice. Somatically acquired copy number alterations involving the Bok gene Analysis of Bok-deficient mice F Ke et
Discussion
BOK was originally discovered as a protein that bound to MCL-1 in a yeast 2-hybrid library screen of a rat ovarian gene expression library. 12 On the basis that BOK shares most extensive amino-acid sequence similarity with BAX and BAK, it is widely believed that it functions in a BAX/BAK like manner, that is, in the activation of the effector phase of apoptosis that is characterised by MOMP and unleashing of the caspase cascade. However, BOK is one of the most poorly studied members of the wider BCL-2 family and there is no definitive understanding of its role in normal physiology or conditions of pathological stress. To determine the function of BOK, we performed an extensive analysis of its expression in diverse tissues and cell types, and examined the consequences of its loss in BOK-deficient mice.
Consistent with previous findings, we observed prominent Bok mRNA and protein levels in the ovaries and uterus. BOK was, however, also readily detected in many additional organs, such as the brain, spleen, lung and stomach. This indicates that BOK may have a wider role rather than being limited to the female reproductive system as previously anticipated. 12 Further qPCR and western blot analyses showed that cells from Bax À/À , Bak À/À and even those from Bax À/À Bak À/À animals expressed similar levels of Bok mRNA and BOK protein as wt mice. These results indicate that loss of BAX or BAK, or even both pro-apoptotic multi-BH domain proteins do not exert pressure for a compensatory increase in Bok expression. This does, however, not exclude the possibility for functional overlap between BOK with BAX/ BAK, given that despite the well-established functional overlap between BAX and BAK, Bax À/À cells express normal levels of BAK and Bak À/À cells express normal levels of BAX (e.g. Lindsten et al. 7 ). Earlier studies trying to define the function of Bok have employed over-expression systems in normal or transformed cells. 12, 14 These experiments showed that BOK over-expression could trigger apoptosis either on its own or enhance apoptosis elicited by treatment with certain cytotoxic drugs. Our analysis of Bok-deficient mice represent to our knowledge Analysis of Bok-deficient mice F Ke et al the first investigation of the physiological roles of BOK during development and tissue homeostasis in adulthood. We did not recognise any major developmental abnormalities or phenotypic defects in newborn, adult or aged Bok À/À mice. Interestingly, Bok-deficient females, but not males, had significantly increased spleen and thymic weights compared with their wt counterparts. Although automated cell counting and FACS analysis did not reveal abnormally elevated numbers of total leukocytes or specific lymphoid/myeloid sub-populations in these tissues, we noticed a trend showing a mild increase across all cell populations that might partly account for this difference in weight. It is currently unclear why a sex-specific lymphoid organ weight increase is observed in our Bok À/À mice, but this might be owing to an indirect effect of hormonal regulation and/or hematopoietic cell extrinsic factors, such as the supporting tissue framework, extracellular matrix or water retention. Notably, it appears that BOK levels in the spleen and thymus are higher in stromal cells than hematopoietic ones.
Bok-/-Wt
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Despite previous reports suggesting a pro-apoptotic function for BOK, we have yet to observe any developmental abnormalities in BOK-deficient mice indicative of defects in apoptosis. These findings are not unlike those from studies of mice lacking either BAK or BAX alone, which are generally normal and healthy with no major dysfunctions apart from sterility in Bax À/À males. 7, 27 Moreover, the lymphoid and myeloid cells from Bax À/À or Bak À/À mice, like those from our Bok À/À animals ( Figure 7 ), did not exhibit abnormally increased resistance to apoptotic stimuli in vitro, whereas Bax À/À Bak À/À lymphoid cells 8 and fibroblasts 7 were profoundly resistant to diverse cytotoxic stressors. These observations suggest that functional overlap may exist between BOK and BAX or/and BAK, and this can now be tested by generating Bok
, Bok À/À Bak À/À and eventually also Bok À/À Bax À/À Bak À/À animals. It is, however, also possible that BOK may have a function in a non-apoptotic process (not overlapping with the functions of BAX/BAK). If this was the case, the developmentally programmed cell deaths that still occur in Bax À/À Bak À/À mice may be safeguarded by a non-apoptotic cell death program, such as necroptosis. 28, 29 It is also possible that the function of Bok may only manifest under specific circumstances and/or in limited cell types (i.e., those expressing the highest levels of BOK have not yet been examined by in vitro cell survival assays). For instance, on the basis of gene expression analysis, it has been postulated that Single-cell suspensions were prepared, counted, stained with fluorochrome-labelled antibodies against lineage-specific surface markers and analysed by flow cytometry to determine the percentages and (by calculation) numbers of (a) CD4
À macrophages/monocytes and Ter119 þ erythroid cells in the spleen and (c) B220
À macrophages/monocytes and Ter119 þ nucleated erythroid cells in the bone marrow. (d) Hematopoietic cell subset composition in the blood was determined with an ADVIA automated blood analyser. Results represent mean ± S.E.M. of the total numbers of cells of a given subset from 9-12-week-old female mice (n ¼ 5 of each genotype). FACS analyses of lymphoid organs from Bok À/À male mice were similarly performed, but these data are not shown
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Bok may be responsible for the death of placental trophoblast cells under hypoxic conditions in women suffering from preeclampsia. 15, 16 It is noteworthy in this context that the promoter region of mouse and human Bok was found to contain two conserved binding sites for the hypoxia inducible transcription factor HIF-1a. 30 Accordingly, it will be interesting to examine whether Bok is critical for the death of cells in response to pathological states that cause hypoxia, such as mouse models of stroke or cardiac dysfunction.
A global genomic screen of multiple human cancers found that the Bok gene is localised in a region that is frequently inactivated or deleted during tumourigenesis. 17 Pertinently, earlier studies have shown that loss of the close relative Bax could accelerate lymphoma development in Em-myc transgenic mice 21 as well as SV40 large T-antigen-induced development of brain 31 or breast cancer. 32 As Bok mRNA and BOK protein could be detected in non-transformed B lymphoid cells (from which Em-myc lymphomas arise), 26 we examined whether its loss could accelerate Em-myc-induced lymphomagenesis. We found, however, that Bok deficiency had no impact on the rate of onset, overall incidence or severity of lymphomatous disease in this particular model. þ CD8 À and (c) CD4
þ (double positive, DP) immature thymocytes from the thymus and (e) Mac-1 þ Gr-1 þ granulocytes from the BM of 9-14-week-old Bok À/À and control wt mice. These cells were exposed in tissue culture to a range of apoptotic stimuli, including the glucocorticoid dexamethasone (1 mM), etoposide (1 mM), crosslinked FasL (100 ng/ml), the BH3 mimetic ABT-737 (240 nM) and growth factor deprivation (DMEM þ 10% FCS without addition of cytokines). Cell survival was monitored at the indicated times by staining with PI plus FITC-labelled Annexin-V followed by flow cytometric analysis. PI In summary, we conclude that Bok is expressed not only in female reproductive organs as reported previously, 12 but in a considerably broader range of tissues and cell types. Moreover, our analyses of Bok-deficient mice so far have failed to define a critical function for this BAX/BAK-related Bcl-2 family member, perhaps indicating that its action is largely overlapping with that of those two proteins or that it may be restricted to specific conditions of stress in particular cell types. Our Bok À/À mice are made freely available for testing its role in such processes and pathological states. 0 external probes to discriminate between the wt and floxed alleles. DNA from correctly targeted clones was further tested using hybridisation to a PGKhygrospecific probe to confirm single construct integration.
Two recombinant ES clones carrying the targeted mutation in the Bok gene were injected into C57BL/6 blastocysts, which were subsequently implanted into pseudopregnant BALB/c mice. Chimaeric offspring with significant contribution of black fur were crossed to C57BL/6 mice to generate floxed Bok lines, denoted Bok fl 535 and Bok fl 536. To check for the targeted allele, genotyping was performed with forward (5 0 -CGGGTTTGAATGGAAGGGTC-3 0 ) and reverse primers (5 0 -TGTTCCCATGGT GCTACATCC-3 0 ) to obtain a 150 and 200 bp product for the wt and floxed allele, respectively.
To generate Bok-deficient mice, heterozygous floxed males (Bok fl/ þ ) were crossed to C57BL/6 deleter females (Cre þ /tg ) 33 to achieve Cre recombinasemediated excision of the targeted region in all cells. Offspring with a deleted Bok allele (Bok þ /À ) were backcrossed for three generations with C57BL/6 mice and subsequent intercrosses of Bok þ /À mice were set up to generate Bok þ / þ , Bok þ /À and Bok À/À mice for analysis. Genotyping of Bok-deficient mice (lines del535 and del536) was performed using a three-primer PCR reaction, utilising a common forward primer (5 0 -CGGGTTTGAATGGAAGGGTC-3 0 ) in combination with two reverse primers (5 0 -TGTTCCCATGGTGCTACATCC-3 0 and 5 0 -GAGCTAGCTA GCTATGTGTG-3 0 ). Products of 150 and 383 bp were observed when the reaction mixture was separated on a 2% agarose gel, corresponding to the wt and Bok mutant allele, respectively. PCR primers for the detection of Cre were 5 0 -CTGA CCGTACACCAAAATTTGCCT-3 0 (forward) and 5 0 -GATAATCGCGAACATCTTCA GGTTC-3 0 (reverse), amplifying a 210 bp product. All experiments with mice were performed according to the guidelines of the animal ethics committees of the Melbourne Health Research Directorate.
Quantitative PCR analysis. RNA was isolated from sorted cells and tissues by homogenisation after addition of TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA was quantified using the NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA) technology and 1 mg was used for cDNA synthesis using the SuperScript III First-Strand Synthesis SuperMix Kit (Invitrogen) in a 20-ml reaction volume. PCR amplifications were performed with a 7900HT thermal cycler (Applied Biosystems, Carlsbad, CA, USA) using 1 ml of cDNA and 1 ml of Taqman primers (Applied Biosystems) specific for bok (Mm00479421_m1) or ATP5a1 (Mm01257366_m1) in a 96-well plate, under standard running conditions as suggested by the manufacturer. Three replicates of each reaction were performed. All qPCR data were subsequently analysed using the 2 ÀDDCT method, 34 where Atp5a1 was assigned as the housekeeping gene, and a specific brain sample was designated as the reference sample in all qPCR reactions. This allowed us to compare data between different experiments, where Bok mRNA levels in all samples are presented as the fold difference relative to the same reference sample.
Western blot analysis. Total protein extracts from mouse tissues were prepared in modified RIPA buffer (50 mM Tris/HCl pH 8.0, 100 mM NaCl, 1% Triton 
